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MST radar  re turns  from c l e a r  a i r  come about through the in te rac t ion  of 
electromagnetic waves with the inhomogeneous s t ruc tu res  of r e f r a c t i v e  index i n  
the  atmosphere. I n  order t o  i n t e r p r e t  the data  correct ly  t o  obta in  information 
concerning the  dynamics of the atmosphere, one must f i r s t  know how the various 
r e f r a t i v e  index s t ruc tu res  can a f fec t  the propagation and sca t t e r ing  of the 
r ad io  waves. This can be achieved through theore t i ca l  and model studies.  On 
the  other  hand, i n  order to  carry  out r e a l i s t i c  theoret ica l  s tudies ,  r e a l i s t i c  
models of the  inhomogeneous s t ruc tu res  of the atmospheric r e f r a c t i v e  index a r e  
needed. These a re  ava i l ab le  only through observational data. Therefore the 
close in te rp lays  between theore t i ca l  and observational invest igat ions  a r e  
e s s e n t i a l  i n  making progress i n  t h i s  area .  I n  t h i s  paper, we s h a l l  present some 
. r e su l t s  on c e r t a i n  aspects of the problan with emphasis on those t h a t  may lead 
t o  new developments. 
THEORETICAL CONSIDERATION OF THE SCATTERING PROCESS 
The c l a s s i c a l  sca t t e r ing  formula i n  the form of Booker-Gordon r e s u l t s  i n  
general  i s  derived under severa l  assumptions. These a re :  (1 )  the  inhomogeneous 
s t ruc tu res  of r e f rac t ive  index a re  weak so t h a t  only s ingle  sca t t e r ing  needs t o  
be considered; (2)  the  l i n e a r  dimension of the sca t t e r ing  volume determined byt 
the  radar  beam width and pulse length, and the  c h a r a c t e r i s t i c  sca le  of the 
i r r e g u l a r i t i e s  are  small compared t o  the dimension of the Fresnel zone so t h a t  
the  phase incoherence of the sca t t e red  f i e l d s  wi thin  the sca t t e r ing  volume can 
be neglected; (3) the  range i s  su f f i c i en t ly  large  so tha t  f a r - f i e ld  approxima- 
t i o n  can be used; ( 4 )  the  sca t t e r ing  volume i s  l a rge  enough t o  contain 
- - s u f f i c i e n t l y  large  number of i r r e g u l a r i t i e s ;  and (5)  the  i r r egu la r  s t ructures  
a r e  characterized by a homogeneous random f i e l d  so that  in teg ra t ion  over the 
-- - - - - 
sca t t e r ing  volume can be re l a t ed  t o  the power spectrum of the i r r e g u l a r i t i e s .  
- Recently, e f fec t s  of mul t ip le  sca t t e r ing  on backscattered radar  s ignals  
have been studied by FANTE (1982) and YANG and YER (1984). The r e s u l t s  a r e  
appl icable  t o  cases where the r e f rac t ive  index f luc tua t ions  a r e  strong t o  cause 
mul t ip le  sca t t e r ing-by  the probing radar  wave. I n  most MST radar  appl ica t ions ,  
these e f f e c t s  probably a re  not important. What i s  important i n  atmospheric 
aapp l i ca t ions  i s  the possible v i o l a t i o n  of assumptions (2) t o  (5)  f o r  many MST 
radar  configurations.  Realizing the p o s s i b i l i t y  tha t  t h e  radar  beam s i z e  may be 
comparable t o  the Fresnel zone dimension, LIU and YEH (1980) modified the 
c l a s s i c a l  Booker-Gordon formula. Sicce the s t ructures  i n  the atmosphere are  
highly anisot ropic  with l a rge  horizontal  dimensions, the Fresnel zone dimension 
may be smaller than the horizontal  coherence distance of the i r r e g u l a r  
s t ructure .  DOVIAK and ZRNIC (1983) derived more general  formulae t o  take t h i s  
i n t o  account by expanding the phase term i n  the  sca t t e r ing  i n t e g r a l  t o  second 
order. They a l so  derived a c r i t e r i o n  t o  d is t inguish  between Fraunhofer and 
Fresnel s c a t t e r  approximations. These general  formulae a re  appl icable  t o  most 
MST radar  appl ica t ions  under the assumption t h a t  the i r r egu la r  s t ruc tu res  a r e  
properly character ized s t a t i s t i c a l l y  by a homogeneous random f i e l d .  However, a s  
the  range reso lu t ion  of operating MST radars  improve, assumptions ( 4 )  and (5) 
may become invalid.  The problem of whether the  echo power depends on pulse 
length or the square of the pulse length underlines the importance of t h i s  point  
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(GAGE e t  a l . ,  1981P). It was shown (FARLEY, 1983; LIU, 1983; HOCKING and 
ROTTGER, 1983) tha t  i f  many layers  e x i s t  i n  the  sca t t e r ing  volume such t h a t  
s t a t i s t i c a l  descr ip t ion i s  v a l i d ,  the sca t t e red  power should depend l inea r ly  on 
the pulse length. Other forms of the dependence w i l l  r e s u l t  i f  the sca t t e r ing  
volume does not contain s u f f i c i e n t  i r r e g u l a r i t y  layers such t h a t  they can be 
characterized s t a t i s t i c a l l y ,  or the homogeneous random f i e l d  character iza t ion of 
the  i r r e m l a r i t i e s  i s  not val id .  These r e s u l t s  have been demonstrated t o  be 
cons i s t en t  with the experimental r e s u l t s  obtained by GREEN (1983). To cor rec t ly  
describe the sca t t e r ing l re f  l e c t i o n  processes invol d when the s t a t i s t i c a l l y  % homogeneous character iza t ion of the s c a t t e r e r s  brea down, one needs t o  
general ize  the  ex i s t ing  theore t i ca l  work t o  include the e f f e c t s  of the 
d i s t r i b u t i o n  of layers,  the f i n i t e  sca t t e r ing  vo lme ,  etc.  It is conceivable 
t h a t  numerical modeling involving the Monte Carlo type of simulation may be ab le  
t o  contr ibute  t o  the progress along t h i s  d i rect ion.  
PARAMETERIZATION OF FBESNEL RETURNS 
Ever s ince  the experimental observation of enhanced specular-l ike r e tu rns  
of IfST radars  a t  v e r t i c a l  incidence (GAGE and GREEN, 1978; ROTTGER and LIU, 
19781, the re  have been continuing e f f o r t s  t o  understand the mechanism and t o  
parameterize the echo power i n  terms of atmospheric parameters (GAGE e t  a l . ,  
1981; ROTTGER, 1983). I n  order t o  carry  out the parameterization, assumptions 
on the sca t t e r ing / re f l ec t ion  t a rge t s  have t o  be made. Assuming a s t a t i s t i c a l  
power spec t ra l  character iza t ion of the layers ,  i t  i s  possible t o  r e l a t e  the echo 
power to  the  meteroological data  from rawinsonde (GAGE e t  a l . ,  1981 1. ROTTGER 
(1984), on the  other hand, proposed t o  make use of the spec i f i c  behavior of the 
co r re la t ion  funct ion of the returned s ignal  when the radar beam i s  v e r t i c a l  t o  
separate  the specular component from the s c a t t e r  component. I n  many cases, the 
co r re la t ion  function can be separated i n t o  th ree  parts. The f i r s t  part  i s  the  
f a s t  drop between zero and the next time l ag  corresponding t o  the e f f e c t s  due t o  
mcor re la ted  noise. The second part  i s  the smooth decrease of the co r re la t ion  
funct ion a t  small time lags  up t o  a few seconds. This i s  viewed a s  due t o  
random scat ter ing.  The l a s t  par t  i s  the  slow decay of the co r re la t ion  up t o  
many tens  of seconds. This i s  due t o  the specular component of the return.  
These th ree  pa r t s  can be separated by a parameter-fi t t ing scheme, and used t o  
approximately estimate the sca t t e red  contr ibut ions  t o  the t o t a l  received echoes. 
- More accurate  estimates of the d i f fe ren t  contr ibut ions  can be obtained i f  we 
have b e t t e r  understanding of the sca t t e r ing  process. This can be achieved 
through a modeling. 
-- _ _- _ _ 
CORRELATION BETWEEN Em0 POWER AND COHERENCE TIME 
A pos i t ive  co r re la t ion  between the s t rength  of the echo power and the 
coherence time of the received s ignal  has been observed i n  many MST radar 
experiments (RASTOGI and BOWHILL, 1976; ROTTGER and LIU, 1978; WAND e t  a l . ,  
1983; ROYRVIK, 1984). This i s  q u i t e  in t r iguing.  I f  the echoes are  due t o  
sca t t e r ing  from turbulence, then from s t a t i s t i c a l  theory of sca t t e r ing ,  the 
s igna l  power should. be proportional t o  the variance of the r e f r a c t i v i t y  
f luctuat ion.  On the other hand, the coherence time of the returned s ignal  i s  
inversely proportional t o  tlie spec t ra l  width of the s ignal  which i s  d i r e c t l y  
r e l a t ed  t o  the variance of the f luc tua t ion  of the r ad ia l  veloci ty ,  hence, the 
s t rength  of the  turbulence. Therefore, i f  t he re  i s  a d i rec t  r e l a t i o n  between 
the variance of the r e f r a c t i v i t y  f luc tua t ions  and the ve loc i ty  variance, one 
should expect a negative co r re la t ion  between the echo power and the coherence 
time (PIC). The f a c t  tha t  i n  many cases t h i s  i s  opposite t o  what has been 
observed, indicates  t h a t  f u r t h e r  invest igat ion of the sca t t e r ing  mechanisms i s  
needed. 
ROTTGER and LIU (1978) r e l a t e d  the observed posi t ive  PIC cor re la t ion  t o  the 
specular p a r t i a l  r e f l e c t i o n  process due t o  layered s t ructures  when the radar  was 
looking v e r t i c a l l y .  This w i l l  not apply t o  the tropospheric data reported by 
WAND e t  a l .  (1983) fo r  low-elevation observations, where they a l so  found t h a t  
the spec t ra l  width of the s igna l  i s  proportional t o  the layer  thickness. 
RASTOGI (1983) proposed the idea of turbulent layer broadening by entrainment 
t o  expla in  the  data. 
Recently, i n  anattempt t o  i n t e r p r e t  the mesosphere data,  ROYRVIK (1984) 
proposed t o  re-examine the r e l a t i o n  between the variance of the r e f r a c t i v i t y  and 
the  ve loc i ty  variance. 
Currently, our understanding of the var ious  mechanisms t h a t  cause the radar  
echoes i s  s t i l l  not complete and a  d e f i n i t i v e  explanation of the observed P/C 
cor re la t ion  i s  not available.  On the other hand, t h i s  phenomenon does provide 
us with important information t h a t  can be applied t o  ve r i fy  proposed models of 
sca t t e r ing / re f l ec t ion  processes. 
SIGNAL STATISTICS 
It has long been recognized t h a t  by studying the s t a t i s t i c s  of the returned 
rada r  s igna l ,  c e r t a i n  de ta i l ed  information about the targets  can be extracted 
(RASTOGI and HOLT, 1981; ROTTGER, 1980). Signal s t a t i s t i c s  include the 
d i s t r i b u t i o n s  of the i n t e n s i t y  and the phase; the  d i s t r i b u t i o n  of angle of 
a r r i v a l ;  the  spect ra  of in tens i ty  and phase, etc. Ultimately the signature of 
the  s igna l  i t s e l f  should be investigated.  
Using t h e  s ignal  signature,  the Doppler spectrum and the  d i s t r i b u t i o n s  of 
the  i n t e n s i t y  and the in-phase and quadrature components of the  s ignal ,  SHEm e t  
a l .  (1984) s tudied the v e r t i c a l  radar r e tu rns  from the troposphere and lower 
stratosphere.  They found t h a t  the spec t ra l  width and the Nakagami m-coefficient 
f o r  the i n t e n s i t y  d i s t r i b u t i o n  can be used t o  character ize  the sca t t e r ing /  
r e f l e c t i o n  processes. When the  returned s ignal  comes from independent 
s c a t t e r e r s  o r  r e f l e c t o r s  which a re  d i s t r ibu ted  i n  space with rms separations 
g rea te r  than one wavelength and noving with d i f fe ren t  v e l o c i t i e s ,  then the 
i n t e n s i t y  of the received s igna l  w i l l  have the c l a s s i c a l  Rayleigh d i s t r i b u t i o n  
with m = 1. I f  a  dominant specular component e x i s t s  i n  the s ignal ,  the 
- 
d i s t r i b u t i o n  w i l l  have an m-coef f  i c i e n t  g rea te r  than one, sa t i s fy ing  the  Rice 
Nakagami d i s t r ibu t ion .  Therefore s ignals  with broad Doppler spect ra  and an - 
m-coefficient close t o  unity character ize  sca t t e r ing  by anisot ropic  turbulence 
-- - . -  .- --- 
o r  mul t ip le  t h i n  layers.  The majority of the da ta  a re  found t o  be of t h i s  type. 
There a r e  almost no cases, howwer, where the m-coef f  i c i e n t  i s  substant ia l ly  
g r e a t e r  than unity.  On the  o the r  hand, s igna l s  with narrow Doppler spectrum and 
an  m-coef f i c i e n t  close t o  112 a r e  found i n  many cases. By modeling, i t  i s  shown 
t h a t  these f ea tu res  a r e  consistent with r e tu rns  from s ingle  d i f fus ive  layers  
causing focusing and defocusing of the s ignals .  This ind ica tes  that  r e f l e c t i o n s  
from s ing le  l aye r s  do occur. The layers ,  however, a re  invariably undulating. 
Theref ore, more than one specularly r e f l ec ted  ray w i l l  come i n t o  the r a the r  
broad radar  bean, in te rac t ing  with each other ,  giving r i s e  t o  the observed 
s ignal  signature.  
I n  many cases, the  Doppler spect ra  exhibi t  several  sharp spikes indicat ing 
t h a t  they may come from d i f fe ren t  "sub-reflector s" moving a t  d i f f e ren t  r a d i a l  
ve loc i t i e s .  ROTTGER (1984) proposed t o  study t h i s  phenomenon by measuring the  
s t a t i s t i c s  of the angle of a r r i v a l .  He pointed out t h a t  more about the nature 
of the t a rge t s  can be learned from t h i s  study. 
BUOYANCY WAVES AS ORIGIh' OF REFRACTIVE INDEX FLUCTUATIONS 
VANZANDT and VINCENT (1984) proposed the displacement associated with the 
low-frequency in te rna l  g rav i ty  waves act ing on the background gradient of 
r e f r a c t i v i t y  may be t h e  cause of the horizontally s t r a t i f i e d  laminae of 
r e f r a c t i v e  index t h a t  produce enhanced VHF radar  echoes near the zenith.  A model 
spectrum fo r  the  displacement corresponding t o  the modified Gar re t t  and Muak 
spectrum was used t o  compute the angular dependence of the radar  cross  section. 
They proposed an experimental t e s t  f o r  the model. 
I f  the r e f r a c t i v e  index f luc tua t ions  a r e  caused by spectra  of buoyancy 
waves, the  wave-associated ve loc i ty  f luc tua t ions  w i l l  be seen a s  wind ve loc i ty  
f luctuat ions .  Indeed, VANZANDT (1982) f i r s t  proposed a universal  buoyancy wave 
spectrum t o  i n t e r p r e t  the observed mesoscale wind f luc tua t ions  i n  the 
atmosphere. MST radars  have been used t o  study the veloci ty  spect ra  (BALSLEY 
and CARTER, 1982). Since b1ST radar  measures t h e  line-of-sight Doppler ve loc i ty ,  
it senses the  components of the  wave-associated v e l o c i t i e s  along the radar bean 
di rect ion.  Because of the polar iza t ion r e l a t i o n s  r e l a t i n g  the d i f f e r e n t  
waveassocia ted veloci ty  components, the observed line-of-sight veloci ty  w i l l  
depend on the  wave frequency and wave number as  wel l  as  the observation 
geometry. Therefore, the observed veloci ty  spectrum w i l l  be d i f f e r e n t  from 
the  o r ig ina l  wave spectrum. For example, i f  the radar i s  i n  an exact zeni th  
d i rec t ion ,  the  radar i s  only sens i t ive  t o  v e r t i c a l  veloci ty  f luctuat ions .  A s  
the  wave frequency w + 0, the waves w i l l  propagate almost i n  the v e r t i c a l  
d i rect ion.  Since the  buoyancy. waves a r e  transverse waves, the re  w i l l  be no 
v e r t i c a l  ve loc i ty  component associa ted with these  very low frequency waves. 
Theref ore, i n  the ve r t i ca l  observation mode of the radar the low frequency 
por t ion of the  wave spectrum i s  suppressed. A s  w -+ %, the Brunt V a i s a l a  
frequency, the  waves propagate almost hor izonta l ly  and the  wave-associated 
v e l o c i t y  is  almost completely v e r t i c a l .  Therefore the wind f l u c t u a t i o n  spectrum 
observed by v e r t i c a l  radar w i l l  be the same as  the wave spectrum i n  the  
neighborhood of %. This example indicates  how the observation geometry can 
a f f e c t  the in te rp re ta t ion  of the observed wind veloci ty  f luc tua t ion  spectra  i n  
terms of gravity-wave spectra,  
I f  the radar  observation geometry i s  oblique, the r e l a t i o n  between the  
observed wind f luc tua t ion  spectrum and the buoyancy wave spectrum i s  more 
complicated. This r e l a t i o n  has been studied by SCHEFFLER and LIU (1984). 
Because of the angular dependence of the r e l a t ion ,  it i s  possible t o  design 
experiments t o  t e s t  the assumption t h a t  buoyancy waves a r e  the causes of 
- m e s o ~ c a l e  wind ve loc i ty  f luctuat ions ,  a s  we l l  as the o r ig in  of r e f r a c t i v e  index 
f l u c t u a t i o ~ i s  i n  the atmosphere. 
- .  - - - .  
REFERENCES 
Balsley, B. B. and D. A. Carter (19821, The spectrum of atmospheric ve loc i ty  
f luc tua t ions  a t  8 km and 86 km. c e ~ h v s .  Res. Lett . ,  9, 465-468. 
Doviak, R. J. and D. S. Zrnic (19831, Fresnel zone considerations fo r  r e f l e c t i o n  
and s c a t t e r  from re f rac t ive  index i r r e g u l a r i t i e s ,  Handbook f o r  MAP, 
Vol. 9, 83-87, S. A. Bowhill and B. Edwards (eds.), Univ. of I l l ?no i s ,  
Urbana-Champaign. 
Fante, R. L. (19821, Generalization of the Booker-Gordon formula to  include 
mul t ip le  sca t t e r ing ,  Radio Sci., 17, 980-987. 
Farley,  D. T. (19831, Comments on "Fresnel Scattering",  Handbook f o r  MAP, 
Vol. 9,  71-72. S. A. Bowhill and B. Edwards (eds.), Univ. of I l l i n o i s ,  
Urbana-Champaign. 
Gage, K. S. and J. L. Green (1978), Evidence f o r  specular r e f l e c t i o n  from 
monostatis  VRF radar  observations of the s t ra tosphere ,  Radio Sci., u, 
991-1001. 
Gage, K. S,, B. B. ~ a l s l e ;  and J. L. Green (1981), A Fresnel sca t t e r ing  model 
f o r .  t he  specu la r  echoes observed by VHF radar .  ~ a d i o  Sci. ,  16, 1447-1453. 
Green. J. L. (1983), Range gate  dependence of specular echoes, Handbook f o r  
MAP, Vol. 9, 73-77, S. A. Bowhill and B. Edwards (eds.), Univ. of 
--
I l l i n o i s ,  Urbana-Champaign. 
Hocking, W. K. and J. Rottger (19831, Pulse length dependence of radar s ignal  
s t r eng ths  fo r  Fresnel backscat ter ,  Radio Sci., 18, 1312-1324. 
Liu, C. H. and K. C. Yeh (1980), Scat ter ing of V I P  and UHF radar  s igna l s  from 
the  turbulent  a i r .  Radio Sci., 2, 277-282. 
Liu, C. H. (1983), I n t e r p r e t a t i o n  of MST radar  r e tu rns  from c l e a r  a i r ,  &n&o& 
f o r  MAP, Vol 9 49-56, S. A. Bowhill and B. Edwards (eds.), Univ. of 
-- a 
I l l i n o i s ,  Urbana-Champaign. 
Baetogi. P. K. (1983), Spectra l  c h a r a c t e r i s t i c s  of the MST radar  re turns ,  
Handbook f o r  MAP, Vol. 9, 105-113. S. A. Bowhill and B. Edwards (eds. 1, 
- 
Univ. of I l l i n o i s ,  Urbana-Champaign. 
Rastogi, P. K. and S. A. Bowhill (1976), Scat ter ing of radio waves from the 
mesosphere, J. Atmos. Terr. Phvs., 38, 449-462. 
Rastogi, P. K. and 0. Holt (1981), On detect ing r e f l e c t i o n s  i n  the presence of 
sca t t e r ing  from amplitude s t a t i s t i c s  with appl ica t ion t o  D-region p a r t i a l  
r e f l ec t ions ,  Radio Sci., 16, 1431-1443. 
Rottger. J. (1980), Reflection and sca t t e r ing  of VHF radar s igna l s  from 
atmospheric r e f r a c t i v i t y  s t ructure .  Radio Sci., 15, 259-276. 
Rottger. J. (1983), Parameterization of Fresnel re turns ,  Handbook f o r  MAP, 
Vol. 9, 286-288, S. A. Bowhill and B. Edwards (eds.), Univ. of I l l i n o i s ,  
Urbma-Champaign. 
Rottger, J. (1984), Signal s t a t i s t i c s  of the radar  echoes, angle of a r r i v a l  
s t a t i s t i c s ,  t h i s  volume. 
Rottger. J. and C. H. Liu (19781, P a r t i a l  r e f l e c t i o n  and sca t t e r ing  of VHF 
radar  s igna l s  from the c l e a r  atzuosphere,.Geo~hys. Res. Lett,, 2,  357- 
360. 
Royrvik, 0. (1984), In te rp re ta t ion  of radar  r e tu rns  from the mesosphere, t h i s  
volume. 
Scheff ler ,  A. 0. and C. H. Liu (19841, Observation of gravi ty  wave spectra  i n  
the  atmosphere using MST radars ,  submitted t o  Geophys. Res. Lett .  
Sheen. D. R., C. H. Liu and J. Rottger (19841, A study of s igna l  s t a t i s t i c s  of 
VHF radar  echoes from c l e a r  a i r ,  t o  be submitted. 
VanZandt', T. E. (1982), A universal  spectrum of buoyancy waves i n  the 
atmosphere, Geophvs. Res. Lett., 2, 575-578. 
VanZandt. T. E. and R. A. Vincent (1984), Is VHF Fresnel r e f r a c t i v i t y  due t o  
- low frequency buoyancy waves? Handbook f o r  MAP, Vol. 9,  78-80. 
S. A. Bowhill and B. Edwards (eds.), Univ. of I l l i n o i s ,  Urbana-Champaign. 
-- - . .  
Wand, R. H., P. K. Rastogi, B. J. Watkins and G. B. Loriot  (19831, Fine Doppler 
r e so lu t ion  observations of t h i n  turbulence s t ructures  i n  the tropo-strato- 
sphere a t  Millstone H i l l .  J. Geophvs. Res., 99, 3851-3857. 
Yang, C. C. and K. C. Yeh (1984), Effects  of mul t ip le  sca t t e r ing  and Fresnel 
d i f f r a c t i o n  on random volume scat ter ing,  to  appear i n  IEEE Trans. on Antenna 
and Prop. 
ISSUES AND RECOMMENDATION 
ISSUES: 
1. Parameterization of Fresnel Returns : 
. ( a )  Is  the  s t a t i s t i c a l  descr ip t ion of the process sa t i s fac to ry?  
(b) Can anisot ropic  turbulence explain both the aspect s e n s i t i v i t y  and 
absolute power of the echoes? 
(c)  Dependence of E (k ,z )  - spectrum of displacement. 5 
2. Echo Power -- Coherence Time Correlation: 
( a )  Relation between orefra tive and a i n  the tropo- 
sphere, s t ra tosphere  an8 mesos@ge. veloci ty  
(b)   he issue  may contain key information about targets .  
3 .  Angle-of-Arrival Stat ist ics  : 
(a) What can be learned from them? 
(b) Requirements 
RECOMMENDATION : 
Recommend future experimenters to  include absolute power and refractive 
index gradient information in  their publications; whenever possible, 
simultaneous i n  aitu measurenents and radar observations should be carried out. 
Important for modeling and checking scattering-reflection processes. 
